Introduction
============

Tomato (*Solanum lycopersicum* L.) is an important vegetable crop worldwide, and has been used as a model plant for basic research on fruit growth and development.^[@bib1]^ Plant hormones participate in the growth and development of tomato organs, including fruits and seeds.^[@bib2; @bib3; @bib4]^ Gibberellins (GAs) are important hormones that control fruit set and growth, and seed development in tomato.^[@bib5; @bib6; @bib7]^

Among the several hundred plant GAs, only a few (such as GA~1~, GA~3~, GA~4~ and GA~7~) are biologically active in higher plants. GA~1~ and GA~4~ are the major bioactive GAs with relatively high abundance in various plant species, while GA~3~ and GA~7~ are less abundant.^[@bib8]^ The intracellular concentrations of active GAs are regulated by the balance between rates of biosynthesis and deactivation. The GA biosynthesis pathway is catalyzed by a series of metabolic enzymes, such as *ent*-copalyl diphosphate synthase (CPS), *ent*-kaurene synthase (KS), *ent-*kaurene oxidase (KO), *ent-*kaurenoic acid oxidase (KAO), GA20-oxidase (GA20ox) and GA3-oxidase (GA3ox). GA20ox and GA3ox enzymes are encoded by small gene families that catalyze the rate-limiting steps in GA biosynthesis.^[@bib8; @bib9; @bib10]^ In the GA deactivation pathway, bioactive GAs or their immediate precursors are converted into inactive forms by GA2 oxidases (GA2oxs), including C19-GA2oxs and C20-GA2oxs. The substrates of C19-GA2oxs, C19-GAs (GA~1~ and GA~4~) and their precursors (GA~20~ and GA~9~) can be converted to inactive GAs (GA~8~, GA~34~, GA~29~ and GA~51~). In contrast, the substrates of C20-GA2oxs, which are C20-GAs (GA~12~ and GA~53~), can be hydroxylated to the inactive forms GA~110~ and GA~97~, respectively.^[@bib8; @bib9; @bib10]^

Several *GA2oxs* have been identified and are functionally characterized in *Arabidopsis* and rice.^[@bib11; @bib12; @bib13; @bib14; @bib15; @bib16; @bib17; @bib18; @bib19; @bib20; @bib21]^ Manipulating the expression of *GA2ox* genes enables regulation of the levels of endogenous active GAs in some plant species. For example, overexpression of *GA2ox* genes in plants causes deficiency in endogenous GAs, leading to dwarf plants.^[@bib17; @bib18; @bib19; @bib20; @bib21; @bib22]^ Also, overexpression of *AtGA2ox1* in bahiagrass improves turf quality under field conditions.^[@bib23]^ Furthermore, overexpression of *AtGA2ox8* in canola results in semi-dwarf plants with a high seed oil content.^[@bib24]^

In tomato fruits, GAs are important hormones that accumulate during fruit cell division and cell expansion at early developmental stages.^[@bib2]^ Application of exogenous GA~3~ to unpollinated ovaries of tomato increases the fruit set, but the fruits are parthenocarpic with reduced sizes of locular tissues and fruits compared with pollinated fruits.^[@bib22]^ Conversely, exogenous treatment of pollinated ovaries with GA biosynthesis inhibitors decreases the fruit set, and the fruits are smaller than untreated pollinated fruits.^[@bib6],[@bib25; @bib26; @bib27]^ In addition, modifying the expression of the genes that regulate GA biosynthesis and deactivation can influence the endogenous GA levels and vegetative growth of tomato plants. Overexpression of the citrus gene *CcGA20ox1* in tomato plants increases GA~4~ levels, and the transgenic plants are taller with non-serrated leaves. The transgenic plants produce parthenocarpic fruits and the fruit yield is increased.^[@bib28]^ In contrast, tomato plants in which *SlGA20ox1* was silenced have deformed leaves and reduced fertility.^[@bib29]^ Xiao *et al.*^[@bib30]^ reported that suppression of *SlGA20ox1* or *SlGA20ox2* in tomato results in shorter stems and smaller but dark green leaves.^[@bib30]^ It has been shown that downregulating the expression of five C19 *GA2ox* genes in tomato results in a significant increase in active GA~4~ content, and the transgenic tomato plants have parthenocarpic fruits, with reduced lateral branching.^[@bib31]^

In this study, we identified GA2ox proteins in tomato, constructed a phylogenetic tree, and performed protein motif organization analysis and multiple sequence alignments (MSAs). We also examined the expression patterns of *SlGA2ox* genes using quantitative reverse transcription-PCR (qRT-PCR). Finally, we used a fruit-specific promoter, TFM7, to control the expression of *SlGA2ox1* in the tomato cultivar 'Micro-Tom'. The results provide valuable information on the roles of GAs and *SlGA2ox1* gene in the growth and development of tomato fruits and seeds.

Materials and methods
=====================

Plant material and hormone treatments
-------------------------------------

Tomato (*Solanum lycopersicum*) 'Micro-Tom' was used in this study. Tomato plants were grown in a climate-controlled greenhouse at 25 °C for 14 h during the day, followed by 20 °C for 10 h during the night at 60% relative humidity. GA~3~ (10^−4^ [M]{.smallcaps}) and paclobutrazol (PAC) were applied to tomato plant roots in nutrient solution after pollination. Plants were treated once per day for 10 days. At least eight fruits were analyzed per treatment. The fruit weight of fully ripened fruits was measured.

Identification of GA2ox proteins in tomato
------------------------------------------

GA2ox protein sequences of *Arabidopsis* and rice that were identified and functionally characterized in previous studies were downloaded from the National Center for Biotechnology Information (NCBI) (<http://www.ncbi.nlm.nih.gov>). The Pfam database v28.0^[@bib32]^ was used to analyze the conserved domains of these GA2ox proteins. The *S. lycopersicum* genome sequence and corresponding annotations were downloaded from the US Department of Energy Joint Genome Institute (DOE JGI) website (<http://genome.jgi.doe.gov>). The protein entries matching the conserved domains 2OG-FeII_Oxy (PF00847) and DIOX_N (PF14226) were identified using HMMER^[@bib33]^, with an E-value cut-off of 10^−4^.

Phylogenetic trees, motif recognition and MSAs of GA2ox proteins
----------------------------------------------------------------

The amino-acid sequences of GA2oxs from various plant species were downloaded from the NCBI database, and aligned using ClustalW. A mid-point phylogenetic analysis was performed based on the maximum-likelihood method using PHYML version 3.0 under the JTT evolution model. The reliability of the obtained trees was tested by bootstrapping with 100 replicates. Phylogenetic trees were visualized with FIGTREE (<http://tree.bio.ed.ac.uk/software/figtree/>). Motif analysis was performed using the MEME software (<http://meme-suite.org/>), with the default parameters.^[@bib34]^ Multiple-sequence alignments were performed with a gap open penalty of 10 and gap extension penalty of 0.2 using DNAMAN 6.0 and ClustalW 2.0.^[@bib35]^

Construction of plasmids and plant transformation
-------------------------------------------------

The fragment of TFM7 promoter was amplified using primers (forward primer: 5′- ACGGCCAGTGCCAAGCTTACTGACCCCAATCAAGC-3′ and reverse primer: 5′- ACGATCTCTAGAGTCGACTGGTATGGAGAGAGGGA-3′) from DNA of 'Micro-Tom', and inserted into the *Hin*dIII and *Sal*I sites of binary vector pCAMBIA2300, then the NOS terminator was inserted into the *Xba*I and *Bam*HI sites. At last, the complete coding sequence of *SlGA2ox1* was amplified using primers (forward primer: 5′- TCCCTCTCTCCATACCAGTCGACATGGTTTCTGAAAAAATTCAAG-3′ and reverse primer: 5′- CAAATGTTTGAACGATCTCTAGATTAAGACGTTTGATTATTAATAG-3′) from cDNA of 'Micro-Tom' and cloned into the *Sal*I and *Xba*I sites. Transgenic 'Micro-Tom' tomato plants were generated by *Agrobacterium tumefaciens*-mediated (strain EHA105) transformation using methods described previously.^[@bib36]^

Germination assays
------------------

Germination experiments were conducted in a growth chamber. Seeds of wild-type and transgenic tomato plants were incubated in sterile water at 28 °C in the dark. The germination percentage was calculated by counting seeds with the first sign of radicle tip appearance after 48, 60 and 72 h of incubation. PAC (10^−5^ M) and GA~3~ (10^−5^ M) were applied to 40 seeds per sample, with three replicates per treatment.

RNA isolation and real-time quantitative PCR assays
---------------------------------------------------

Total RNA was extracted using an RNeasy Plant Mini Kit (Takara, Dalian, Liaoning, China). Extracted RNA was treated with RNase-Free DNAse according to the manufacturer's instructions. Total DNA-free RNA was used as a template for cDNA synthesis, using the Primerscript RT Reagent Kit (Takara, Dalian, Liaoning, China) with gDNA Erase (Takara, Dalian, Liaoning, China). For real-time quantitative PCR, SYBR Premix Ex Tag was used on a Bio-Rad CFX96 (Bio-Rad, Shanghai, China) instrument. PCR reactions were performed in a 96-well iCycler. The melting temperature of the products was determined to verify the specificity of the amplified fragments. The sequences of primers used for real-time quantitative PCR are listed in [Supplementary Table 1](#xob4){ref-type="supplementary-material"}. Results were analyzed by the ΔΔCT method using *SlActin* as the control locus. All real-time quantitative PCR data points were the average of three biological replicates, and three technical replicates.

Results
=======

Genome-wide identification and analysis of GA2ox proteins in tomato
-------------------------------------------------------------------

Several *GA2ox* genes of *Arabidopsis* and rice have been isolated and functionally analyzed.^[@bib11; @bib12; @bib13; @bib14; @bib15; @bib16; @bib17; @bib18; @bib19; @bib20; @bib21]^ Using the Pfam database, two conserved domains \[2OG-FeII_Oxy (PF00847) and DIOX_N (PF14226)\] were detected in all GA2ox proteins. The two conserved domains were used as queries for HMMER searches of the tomato genome. After removing redundant proteins, a total of 131 putative candidate proteins was identified. A phylogenetic tree was constructed using the 131 identified proteins from tomato and the previously identified GA2ox proteins of *Arabidopsis* and rice. Eleven proteins of tomato were assigned to the GA2ox family (data not shown). Five (SlGA2ox1-SlGA2ox5) have been reported previously,^[@bib6]^ and six GA2oxs, designated here as SlGA2ox6 to SlGA2ox11, were newly identified in this study.

We performed a BLASTP search in the NCBI database using tomato GA2ox amino-acid sequences in the Pfam database. The most reliable amino-acid sequences of GA2oxs were downloaded, and a second phylogenetic tree was constructed ([Figure 1](#fig1){ref-type="fig"}). The tree topology revealed that GA2ox proteins could be divided into subgroups I, II and III. Subgroups I and II belong to C19 GA2oxs, and subgroup III belongs to C20 GA2oxs. Proteins in subgroups I and II are more closely related to each other than to those in subgroup III. In tomato, five GA2ox proteins (SlGA2ox2, SlGA2ox4, SlGA2ox5, SlGA2ox6 and SlGA2ox11) were classified as belonging to subgroup I as they had the highest homology with AtGA2ox1, AtGA2ox2 and AtGA2ox3. These proteins clustered together to form a monophyletic group, which suggests they emerged through lineage-specific expansion events in tomato. In addition, SlGA2ox1 and SlGA2ox3 were assigned to subgroup II and were more closely related to AtGA2ox6. Furthermore, four GA2ox proteins in tomato (SlGA2ox7 to SlGA2ox10) belonged to subgroup III, of which SlGA2ox7 and SlGA2ox8 were orthologous to AtGA2ox8. Also SlGA2ox9 was orthologous to OsGA2ox5, OsGA2ox6 and OsGA2ox9. SlGA2ox10 and OsGA2ox11 were orthologous in the same branch of the phylogenetic tree.

On the basis of the above classification, the 11 tomato GA2ox proteins were subjected to further analysis. More detailed information was collected, including the protein ID in NCBI, chromosomal distribution, sequence length, isoelectric point (pI) and protein molecular mass ([Supplementary Table S2](#xob4){ref-type="supplementary-material"}). The *GA2ox* genes were unevenly distributed on the tomato chromosomes. *SlGA2ox2*, *SlGA2ox4* and *SlGA2ox5* were on chromosome 7, *SlGA2ox6* and *SlGA2ox7* were on chromosome 2, *SlGA2ox3*, *SlGA2ox9*, *SlGA2ox1*, *SlGA2ox10*, *SlGA2ox11* and *SlGA2ox8* were on chromosomes 1, 4, 5, 6, 8 and 10, respectively. The identified GA2ox proteins ranged from 322 to 380 amino acids in length, had pI values of 5.15 to 9.17, and protein molecular mass of 36.05--44.12 kDa. In addition, the similarity percentage between the different SlGA2ox proteins ranged from 25.00 to 85.94% ([Supplementary Table S3](#xob4){ref-type="supplementary-material"}).

Motif analysis and MSAs of GA2ox proteins
-----------------------------------------

The conserved motifs of GA2ox proteins were extracted using the MEME software. All of the GA2ox proteins from *Arabidopsis*, rice and tomato had a similar motif composition ([Figure 2](#fig2){ref-type="fig"}; [Supplementary Figure S1](#xob1){ref-type="supplementary-material"}). A total of 15 motifs (motifs 1--15) were identified, including nine highly conserved motifs (motifs 1, 2, 3, 6, 7, 8, 11, 12 and 13) detected in all GA2ox subgroups, with the exception of OsGA2ox10 protein. In addition, results suggest the existence of subgroup-specific motifs, of which motifs 4 and 5 were specific to subgroups I and II, and motifs 9 and 10 were specific to subgroup III, with the exception of OsGA2ox11. Because subgroups I and II belonged to C19 GA2ox and subgroup III belonged to C20 GA2ox, the subgroup-specific motifs of the C19 and C20 GA2ox families may be involved in the deactivation of different GAs. All tomato GA2ox proteins had all of the motifs present in GA2oxs of *Arabidopsis* and rice; however, the sequence of SlGA2ox10 at the motif 9 position was less conserved than the other proteins in the same group.

MSAs was performed to analyze the difference of conserved amino acid sequences of the GA2ox proteins of *Arabidopsis*, rice and tomato (data not shown). There was no significant variation between subgroups I and II, however, a significant sequence variation between C19 GA2oxs and C20 GA2oxs was identified, particularly in motifs 4 and 9 and motifs 5 and 10, respectively. All of the GA2ox proteins contained several conserved sites, including two putative 2-oxoglutarate-binding sites and three iron-binding sites. However, OsGA2ox10 lacked one 2-oxoglutarate-binding site and one iron-binding site, its amino-acid sequence varied significantly compared to the other GA2ox proteins, although it grouped with the GA2ox family in the phylogenetic tree.

To predict whether putative GA2oxs from tomato have GA2 oxidase activity, OsGA2ox2, OsGA2ox4, OsGA2ox7, OsGA2ox8, OsGA2ox10 and OsGA2ox11 were removed as their functions have not been identified, and replaced with other known GA2ox proteins from various plant species ([Supplementary Figure S2](#xob2){ref-type="supplementary-material"}). MSAs showed that SlGA2ox1, SlGA2ox2, SlGA2ox3, SlGA2ox4, SlGA2ox5, SlGA2ox6 and SlGA2ox11 have sequences similar to the other C19 GA2ox proteins, including C19 GA2ox-specific motifs 4 and 5 ([Supplementary Figure S2A](#xob2){ref-type="supplementary-material"}). In addition, motifs 9 and 10 contained three unique amino-acid sequences that were highly conserved among C20 GA2ox proteins. SlGA2ox7 and SlGA2ox8 shared all of the three unique sites in the subgroup-specific motifs. However, the predicted SlGA2ox9 varied in one amino acid at the first and second sites of unique sequence, while the third site was similar to those of other aligned proteins. Moreover, SlGA2ox10 exhibited one (position 126), four (position 154, 156, 158 and 160) and one (position 338) amino-acid variations at the first, second and third sites of the unique sequence, respectively, and the motif 9 position in the SlGA2ox10 sequence was significantly different compared to other GA2ox proteins ([Supplementary Figure S2B](#xob2){ref-type="supplementary-material"}). This suggests that SlGA2ox10 may not be able to deactivate C20 GAs.

Expression patterns of *GA2ox* genes in tomato
----------------------------------------------

qRT-PCR analysis was used to characterize the transcription profiles of *SlGA2ox* genes. The expression patterns of all of the *SlGA2ox* genes differed among the developmental stages of fruits and other organs ([Figure 3](#fig3){ref-type="fig"}). *GA2ox1* was highly expressed in fruits at immature green stage, but lowly expressed in fruits at red ripening stage and other vegetative organs, such as roots, stems and leaves. *SlGA2ox2* expression was high in flowers and fruits at mature green, breaker and red ripening stages, but low in immature green fruits, roots, stems and leaves. The expression of *SlGA2ox3* was high in red ripening fruits and leaves. *SlGA2ox4* and *SlGA2ox5* had similar expression patterns, they were high in fruits at mature green stage and post-breaker stages, but low in fruits at immature green stage and other vegetative organs. In addition, *SlGA2ox6* had the highest expression in flowers, but relatively low or no expression in developing fruits and other vegetative organs. *SlGA2ox7* mainly expressed in mature green fruits, roots and stems*, SlGA2ox8* mainly expressed in red ripening fruits and flowers. Furthermore, *SlGA2ox9* expression was relatively high in flowers and red ripening fruits, and low in fruits at other developmental stages and other vegetative organs. *SlGA2ox10* expression was high in flowers and low in other organs. *SlGA2ox11* expression was negligible at all developmental stages of fruits and other organs (data not shown).

Effects of fruit-specific overexpression of *SlGA2ox1* on fruit growth and development
--------------------------------------------------------------------------------------

Serrani *et al.*^[@bib6]^ have reported that SlGA2ox1 can metabolize active GA~1~ and GA~4~ to inactive GA~8~ and GA~34~ through enzyme assay with recombinant protein,^[@bib6]^ to determine whether the overexpression of *SlGA2ox1* in tomato fruits causes GA-deficient phenotypes, the fruit-specific promoter TFM7-SlGA2ox1 cDNA fusion construct was transformed into the tomato cultivar 'Micro-Tom'. Because the TFM7 promoter is mainly active in fruits at early developmental stages,^[@bib37],[@bib38]^ the growth and development of vegetative organs of transgenic plants were not affected ([Supplementary Figure S3A](#xob3){ref-type="supplementary-material"}). The expression of *SlGA2ox1* was evaluated in transgenic tomato fruits at 15 DAP. *SlGA2ox1* expression in transgenic tomato lines L10 and L7 was higher than in wild-type fruits ([Supplementary Figure S3B](#xob3){ref-type="supplementary-material"}). The single-fruit weights of transgenic lines L10 and L7 were 1.66±0.32 and 1.90±0.54 g, respectively, lower than the 2.44±0.72 g of wild-type fruits. Treatment with GA biosynthesis inhibitor (PAC) to wild-type fruits reduced the fruit weight to 1.74±0.33 g ([Figures 4a and b](#fig4){ref-type="fig"}). The reduced fruit weights of transgenic tomato could be restored by exogenous application of GA~3~ ([Figures 4d and e](#fig4){ref-type="fig"}), suggesting that the reduction in fruit weights observed in the transgenic tomato plants are due to reduction in active GA levels in fruits.

Effects of fruit-specific overexpression of *SlGA2ox1* on seed development and germination in tomato
----------------------------------------------------------------------------------------------------

To determine the effect of *SlGA2ox1* overexpression in tomato fruits on seed development and germination, the seed number per fruit and germination rate were calculated. The seed number per fruit of transgenic lines L10 and L7 was 16.64±2.85 and 5.75±1.36, respectively, while that of wild-type fruit was 24.55±1.21 ([Figure 4c](#fig4){ref-type="fig"}). We observed that 85.83±5.20% of wild-type seeds germinated after 48 h, compared with 75.00±6.61% of transgenic seeds. After 60 h, 94.16±1.44% of wild-type seeds germinated, compared with 78.33±2.89% of transgenic seeds. Similarly, PAC reduced the seed germination rate of wild-type seeds ([Figure 5](#fig5){ref-type="fig"}). Furthermore, the germination rate of transgenic seeds was restored to 95.00±2.50% by exogenous application of GA~3~. These results suggest that fruit-specific overexpression of *SlGA2ox1* in tomato plants reduces the endogenous active GA concentrations in fruits, and that GAs are important regulators of tomato seed development and germination.

Effects of fruit-specific overexpression of *SlGA2ox1* on the transcript levels of GA-regulated and cell expansion-related genes
--------------------------------------------------------------------------------------------------------------------------------

The transcript levels of GA- and cell expansion-related genes in transgenic and wild-type fruits treated with GA~3~ and PAC, were determined using 15 DAP fruit tissues. The expression levels of GA biosynthesis-related genes (*SlGA20ox2*, *SlGA20ox3*, *SlGA3ox1* and *SlGA3ox2*) were reduced in GA~3~-treated fruits, and increased in PAC-treated and transgenic fruits comparing to wild-type fruits ([Figure 6a](#fig6){ref-type="fig"}). In contrast, the transcript levels of GA deactivation-related genes, *SlGA2ox2*, *SlGA2ox4* and *SlGA2ox5,* were increased in GA~3~-treated fruits, and decreased in PAC-treated and transgenic fruits compared to untreated wild-type fruits ([Figure 6b](#fig6){ref-type="fig"}). These results indicate that *SlGA2ox1* is responsible for GA deactivation and its overexpression influences the expression of GA-related genes.

*Gibberellins-stimulated transcripts1 (SlGAST1)* in tomato is specifically induced by GAs and is therefore used as a molecular marker to monitor changes in endogenous active GA levels.^[@bib39; @bib40; @bib41]^ In transgenic lines L10 and L7, the transcript levels of *SlGAST1* were downregulated ([Figure 6c](#fig6){ref-type="fig"}). As expected, GA~3~ treatment induced *SlGAST1* expression, while PAC treatment reduced *SlGAST1* expression. These data provide additional evidence that fruit-specific overexpression of *SlGA2ox1* reduces the active GA concentrations in tomato fruits.

Because GAs promote cell elongation and expansion,^[@bib42]^ we also analyzed the expression of cell expansion-related genes in tomato fruits. *SlEXP2*, *SlEXP8*, *SlEXP12* and *SlXTH9* were upregulated in GA~3~-treated fruits and significantly downregulated in PAC-treated tomato fruits in comparison with wild-type fruits ([Figure 6d](#fig6){ref-type="fig"}). The expression levels of these genes were decreased in transgenic fruits, which was consistent with the effects of PAC treatment.

Discussion
==========

Seven and eleven *GA2ox* genes have been reported in *Arabidopsis* and rice, respectively.^[@bib22]^ Serrani *et al.*^[@bib6]^ identified only five putative *GA2oxs* in tomato (*SlGA2ox1*- *SlGA2ox5*),^[@bib6]^ however, in this study, eleven *GA2ox* genes were identified in the tomato genome, six of which (*SlGA2ox6*- *SlGA2ox11*) were newly identified ([Supplementary Table S1](#xob4){ref-type="supplementary-material"}). There are two possible explanations for this difference. One is the lack of sequence information available to Serrani *et al.* in 2007,^[@bib6]^ because the tomato genome sequence only became available in 2012.^[@bib43]^ The other possibility is that the identification of SlGA2oxs by Serrani *et al.* in 2007^[@bib6]^ using the SlGA2ox1 amino-acid sequence as a query, may have resulted in a failure to identify other SlGA2ox proteins. This argument is supported by the fact that the method can identify some subgroups I and II GA2oxs, but not subgroup III GA2oxs.

Several GA2oxs from diverse plant species have been shown to possess the ability to deactivate C19 GAs or C20 GAs through enzyme assays.^[@bib11; @bib12; @bib13; @bib14],[@bib16; @bib17; @bib18; @bib19],[@bib21],[@bib44; @bib45; @bib46; @bib47; @bib48]^ In tomato, SlGA2ox1, SlGA2ox3, SlGA2ox4 and SlGA2ox5 can deactivate C19 GAs, while SlGA2ox2 cannot deactivate C19 GAs or C20 GAs despite harboring all of the unique amino acids sequences conserved in GA2oxs.^[@bib6]^ Serrani *et al.* speculated that this might be due to the replacement of a W (conserved in all GA2ox proteins of group I) by an R at position 92.^[@bib6]^ On the basis of the motif analysis and MSAs of GA2ox proteins, we speculate that SlGA2ox6 and SlGA2ox11 have C19 GA2ox activity; SlGA2ox7, SlGA2ox8 and SlGA2ox9 have C20 GA2ox activity; and SlGA2ox10 is inactive against C20 GA2ox. Future studies are required to clarify this matter.

Globally or constitutively active gene promoters can be used to control the expression of GA biosynthesis or deactivation genes. However, due to global or constitutive alterations in GA contents in transgenic plants, it is difficult to distinguish the direct and indirect effects of GAs on fruit growth and development. For example, reductions in GA levels in leaf and stem tissues may influence photosynthetic activity, source--sink relations between leaves and fruits, plant stature, and can indirectly affect the growth and development of fruits.^[@bib28; @bib29; @bib30]^ Therefore, fruit-specific overexpression of *GA2oxs* may provide an alternative method to study the role of GAs in fruit development because it does not affect the growth and development of vegetative organs, and reduces the endogenous active GA concentrations only in developing fruits.

In this study, the fruit-specific promoter TFM7 was used to control the expression of *SlGA2ox1.* There was no visible change in the growth and development of the vegetative organs of transgenic plants, but fruit weight were reduced. Although GA concentrations were not quantified, the reduction in fruit weight were likely due to reduced endogenous active GA concentrations, for the following reasons: (1) Serrani *et al.*^[@bib6]^ reported that SlGA2ox1 metabolizes active GA~1~ and GA~4~ to inactive GA~8~ and GA~34~;^[@bib6]^ (2) expression of the GA-response gene *SlGAST1* was downregulated in transgenic tomato; (3) the reduced fruit weight of transgenic tomato could be restored by exogenous applications of GA~3~; (4) treatment with GA biosynthesis inhibitor also reduced fruit weight that were similar to transgenic tomato; and (5) Martinez-Bello *et al.*^[@bib31]^ reported that downregulating the expression of five GA2ox genes (*SlGA2ox1- SlGA2ox5*) in tomato resulted in a significant increase in active GA~4~ content and a reduction in inactive GA~34~ content.^[@bib31]^

The effects of GAs on tomato fruit growth and development by means of chemical treatment, constitutive overexpression or silencing of GA biosynthetic and catabolic genes have been reported.^[@bib25; @bib26; @bib27; @bib28; @bib29; @bib30; @bib31]^ Application of exogenous GA~3~ to unpollinated tomato ovaries or tomatoes overexpressing *GA20ox1* results in an increased fruit set, but the fruits are parthenocarpic, with reduced size and weight compared with pollinated wild-type fruits.^[@bib25],[@bib28]^ In contrast, Serrani *et al.*^[@bib6]^ applied two different inhibitors of GA biosynthesis (LAB 198999 and paclobutrazol) to pollinated ovaries, which resulted in a decreased fruit set and size compared with untreated pollinated fruits.^[@bib6]^ Xiao *et al.*^[@bib30]^ and Olimpieri *et al.*^[@bib29]^ reported that constitutive co-suppression of G*A20oxs* in tomato leads to reduced GA concentrations and severe defects in vegetative and reproductive development,^[@bib29],[@bib30]^ but they did not report fruit size and weight. In our study, with transgenic manipulation of GA contents in fruit tissues specific, we observed that overexpression of *SlGA2ox1* led to reductions in fruit weight, which was similar to the effects of GA biosynthesis inhibitors reported by Serrani *et al.*^[@bib6]^ In addition, Serrani *et al.*^[@bib42]^ demonstrated that GA~3~ treatment results in larger cells compared with untreated fruits,^[@bib42]^ in this study, the expressions of some cell expansion-related genes was decreased in transgenic fruits. Thus, we suggest that overexpression of *SlGA2ox1* in tomato fruits reduced the active GA contents, and downregulated the expression of cell expansion genes. This led to small cells and reduced fruit growth, as evidenced by reduced fruit weight.

Analysis of GA-deficient mutants has provided evidence that GAs are necessary for seed development and germination in *Arabidopsis*, tomato and pea.^[@bib5],[@bib49],[@bib50]^ Swain *et al.* proposed that this may be due to poor utilization of assimilates or disruption to the relative growth rates of the embryo and endosperm.^[@bib49]^ Using a transgenic method, Singh *et al.*^[@bib51]^ reported that constitutive overexpression of pea *GA2ox2* caused seed abortion in *Arabidopsis*,^[@bib51]^ Moreover, Singh *et al.*^[@bib52]^ used the MEDEA promoter to control expression of the pea *GA2ox2* in young seeds and vegetative tissues of *Arabidopsis*, seeds were aborted, and the ovule numbers and silique length were reduced.^[@bib52]^ These results suggest that GAs play an essential role in seed development. In this study, tomato fruit-specific overexpression of *SlGA2ox1* resulted in reduced seed number and germination, suggesting that overexpression of *SlGA2ox1* in tomato fruit reduced the active GA contents, which suppressed seed development and germination.

Santino *et al.*^[@bib37]^ reported that the fruit-specific promoter TFM7 is mainly active in the pericarp, columella and placental tissues of immature green fruits of tomato.^[@bib37]^ Our data suggest that the GA contents of the sarcocarp were reduced by fruit-specific overexpression of *SlGA2ox1*. However, Santino *et al.*^[@bib37]^ did not determine whether the TFM7 promoter is active in seeds,^[@bib37]^ and therefore the effects on seed GA contents are unclear. If the TFM7 promoter is not active in seeds, the inhibition of seed growth and development may be caused by reduced GA transport from the sarcocarp. However, if the TFM7 promoter is active in seeds, fruit-specific overexpression of *SlGA2ox1* would reduce the GA content of both the sarcocarp and seeds, leading to inhibition of seed growth and development.

In this study, 11 GA2oxs were identified in tomato. Motif analysis and MSAs suggested that SlGA2ox1 to SlGA2ox6 and SlGA2ox11 are C19 GA2oxs, while SlGA2ox7 to SlGA2ox10 are C20 GA2oxs. The findings suggested that *SlGA2ox1* is responsible for the deactivation of active GAs in tomato plants. Moreover, GAs likely play an important role in tomato fruit and seed growth and development, including being a determinant of seed germination rate.
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![Phylogenetic tree of GA2-oxidase protein sequences from *Arabidopsis*, rice and tomato. GA2oxs were divided into three subgroups: subgroup I, subgroup II and subgroup III. GA2ox proteins from tomato were marked in red color. The amino-acid sequences of GA2ox proteins were aligned using ClustaIW and a phylogenetic tree was constructed by PhyML software using the ML method with 100 bootstraps.](hortres201659-f1){#fig1}

![Conserved motif analysis of GA2ox proteins from *Arabidopsis*, rice and tomato. Motifs were identified using MEME software. Fifteen motifs were identified and indicated by boxed of different color, with the distributions of each motif corresponding to their position. The names and combined E values of genes are shown the left side. Gray lines represent non-conserved sequences. The names of GA2ox proteins from tomato are marked in red color.](hortres201659-f2){#fig2}

![Expression patterns of GA2ox genes in tomato. Bars represent the relative abundance of *GA2ox* genes among the developmental stages of fruits and other organs. The *SlActin* gene was used as an internal control for each tissue and values are means of three biological replicates. Br, breaker fruits; Fl, flowers; Im, immature green fruits; Le, leaves; Ma, mature green fruits; Re, red ripening fruits; Ro, roots; St, stems.](hortres201659-f3){#fig3}

![Effects of fruit-specific overexpression of *SlGA2ox1* on the fruit weight of transgenic tomato plants. (**a**) Phenotype of PAC-treated and Tfm7:*SlGA2ox1* transgenic tomato fruits. (**b**) Single-fruit weight of PAC-treated and transgenic tomato plants. (**c**) Phenotype of transgenic fruits treated with 10^−5^ M GA~3~. (**d**) Single-fruit weight of transgenic plants treated with 10^−5^ M GA~3~. Scale bars, 5 mm. \*Significant difference by *t*-test, \**P*\<0.05, \*\**P*\<0.01. Data are means±s.d. (*n*=3).](hortres201659-f4){#fig4}

![Effects of fruit-specific overexpression of *SlGA2ox1* on seed number and germination in transgenic tomato plants. (**a**) The average seed number of a single fruit of wild-type and transgenic plants. (**b**) The seed germination percentage of wild-type, PAC-treated, transgenic tomato and transgenic tomato seeds treated with 10^−5^ M GA~3~. \*Significant difference compared with the wild type by *t*-test, \**P*\<0.05, \*\**P*\<0.01. Data are means±s.d. (*n*=3).](hortres201659-f5){#fig5}

![Transcript levels of GA- and cell expansion-related genes in tomato fruits treated with GA~3~ and PAC, and transgenic tomato fruits. (**a**) GA biosynthesis genes, (**b**) GA deactivation genes, (**c**) GA-responsive gene and (**d**) cell expansion-related genes. Data are means±s.d. (*n*=3).](hortres201659-f6){#fig6}
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